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Chapter 20

Antisense Oligo-Mediated Multiple Exon Skipping in a Dog
Model of Duchenne Muscular Dystrophy

Toshifumi Yokota, Eric Hoffman, and Shin’ichi Takeda

Abstract

Exon skipping is currently one of the most promising molecular therapies for Duchenne muscular
dystrophy (DMD). We have recently developed muitiple exon skipping targeting exons 6 and 8 in
dystrophin mRNA of canine X-linked muscular dystrophy (CXMD), an animal model of DMD, which
exhibits severe dystrophic phenotype in skeletal muscles and cardiac muscle. We have induced efficient
exon skipping both in vitro and in vivo by using cocktail antisense 2’O-methyl oligonucleotides
(2°OMePS) and cocktail phosphorodiamidate morpholino oligomers (morpholinos, or PMOs) and ame-
liorated phenotype of dystrophic dogs by systemic injections. The multiple exon skipping (double exon
skipping) shown here provides the prospect of choosing deletions that optimize the functionality of the
truncated dystrophin protein for DMD patients by using a common cocktail that could be validated as a
single drug and also potentially applicable for more than 90% of DMD patients.

Key words: Multiple exon skipping, Morpholinos (phosphorodiamidate morpholino oligomers),
2'O-methylated antisense oligomers (phosphorothioate), Dystrophic dogs (canine X-linked muscular
dystrophy), Duchenne /Becker muscular dystrophies

1. Introduction

Duchenne muscular dystrophy (DMD), a progressive and fatal
X-linked myopathy, and its milder form, Becker muscular dystro-
phy (BMD), are caused by mutations in the DMD gene (1). Exon
skipping using antisense oligonucleotides (AOs) is currently one
of the most promising molecular therapies for DMD (2-4).
Synthetic derivatives of nucleic acids have been designed and
synthesized, where the backbone of RNA and DNA is replaced
with other chemistries. One uses a morpholino backbone
phosphorodiamidate morpholino oligomers (morpholinos, or
PMOs) developed by AVI BioPharma, Portland, Oregon.

Dongsheng Duan (ed.), Muscle Gene Therapy: Methods and Protocols, Methods in Molecular Biology, vol. 709,
DOI 10.1007/978-1-61737-982-6_20, © Springer Science+Business Media, LLC 2011
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Recently, we have successfully induced dystrophin expression by
using morpholino-mediated systemic multiple exon skipping and
ameliorated dystrophic pathology in dogs (5). Another antisense
chemistry 2’O-methylated phosphorothioate (2’OMePS ) has
been also shown to effectively induce dystrophin expression sys-
temically in mice in vivo (6).

The canine X-linked muscular dystrophy (CXMD) model
contains a point mutation within the acceptor splice site of exon
7. This leads to exclusion of exon 7 from the mRNA transcript
(7, 8). To restore the open reading frame, at least two further
exons (exons 6 and 8) must be skipped (multiple exon skipping,
or multiexon-skipping). Therefore, it is more challenging to
rescue dystrophic dogs with exon-skipping strategy. Here, we
summarize the method and protocol of antisense-mediated exon
skipping in vitro and in vivo in dystrophic CXMD dogs.

2. Materials

2.1. Design
of Antisense 0Oligos

2.2. Transfection
of Antisense 2°0MePS
into Dog Myoblasts

1. Web sites for exonic splicing enhancer ESE targeting. ESE
finder [http://rulai.cshl.edu/cgi-bin /tools /ESE3 /esefinder.
cgi’process=home] and Rescue ESE [http://genes.mit.edu/
burgelab/rescue-ese/].

1. Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
Bethesda, MD, USA) supplemented with 10% fetal bovine
serum (FBS, HyClone, Ogden, UT, USA).

. 0.25% Trypsin and 1 mM ethylenediamine tetraacetic acid
(EDTA) (Gibco).

. Teflon cell scrapers (Fisher, Waltham, MA, USA).

. Ham’s F-10 nutrient mixture with HEPES (Gibco) (9).

. Fetal calf serum (FCS) (Gibco).

. Human recombinant basic fibroblast growth factor (bFGF)
(Sigma-Aldrich, Natick, MA, USA).

7. Penicillin (200 U/mL) and streptomycin (200 pg/mL)

(Sigma-Aldrich).

8. AOs (2°0OMePS) (Eurogentec, Licge, Belgium) against exons

6 and 8 of the canine dystrophin gene. Ex6A (GUU

GAUUGUCGGACCCAGCUCAGG), Ex6B (ACCUAUGA

CUGUGGAUGAGAGCGUU), and Ex8A (CUUCCUGG
AUGGCUUCAAUGCUCAC).

9. Lipofectin (Invitrogen, Carlsbad, CA, USA).
10. 2% Horse serum (Gibco). .
11. Six-well plates (IWAKI, Funabashi, Japan).
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2.3. Intramuscular
Injections of Antisense
Oligos in Dogs

2.4. Systemic
Injections of Antisense
Morpholinos

12.
13.

14.
15.
16.

17.

h
i
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Opti-MEM (Gibco).

Culture dish (10, 15 cm noncoat and 10, 15 cm collagen
coat) (IWAKT).

Phosphate buffer saline (PBS).

Human recombinant insulin (10 mg/mL) (Sigma-Aldrich).

Proliferation medium: Nutrient Mixture F-10 Ham (Ham’s
F-10; developed by Ham et al. for mammalian cell prolifera-
tion (9)) supplemented with 200 U/mL penicillin, 200 pg/
mL streptomycin, 2.5 ng/mL bFGF, and 20% FBS.

Differentiation medium: DMEM supplemented with 200 U/mL
penicillin, 200 pg,/mL streptomycin, and 10 pg/mL insulin.

. CXMD dogs and wild type littermates.
. Antisense morpholinos (Gene-tools, Philomath, OR, USA)

against exons 6 and 8 of the dog dystrophin gene. Ex6A
(GTTGATTGTCGGACCCAGCTCAGG), Ex6B (ACCTAT
GACTGTGGATGAGAGCGTT), and Ex8A (CTTCCTGG
ATGGCTTCAATGCTCAC) (see Note 1).

. Saline (Ohtsuka-Pharmaceutical, Tokyo, Japan).

4. 27G Needles (TERUMO, Tokyo, Japan).

11.
12.
13.
14.
15.

N I S R

. Thiopental sodium (Mitsubishi Tanabe Pharma, Osaka,
Japan).
. Isoflurane (Abbott laboratories, Chicago, IL, USA).

. Butorphanol tartrate (Bedford Laboratories, Bedford, OH,

USA).

. Gauze (Johnson and Johnson, New Brunswick, NJ, USA).
. Pledget (Johnson and Johnson).
10.

Veterinary surgical instruments: forceps, scalpels, scissors,
suture needles, threads, and needle holders (Mizuho,
Narashino, Japan).

Povidone iodine (Meiji Seika, Tokyo, Japan).
Heparin sodium (Fuji Pharmaceutical, Tokyo, Japan).
Surgical glove (Ansell, Red bank, NJ, USA).
Surgical drape (Nagai Leben, Tokyo, Japan).

Sepham antibiotics (Cefamezine or Syncl) (Astellas, Tokyo,
Japan, or Asahi-kasei, Tokyo, Japan).

. CXMD dogs and wild-type littermates.

. Syringe infusion pump (Muromachi, Tokyo, Japan).
. 22G Indwelling needles (TERUMO).

. 50 mL syringe (TERUMO).
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2.5, RNA Exiraction

2.6. RT-PCR

2.7. cDNA Sequencing

2.8. Muscle Sampling
from Necropsy of Dogs

2.9, Immunostaining
for Dog Muscles

5.
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Antisense morpholinos (Gene-tools)against exons 6 and 8 of
the dog dystrophin gene. Ex6A (GTTGATTGTCGGA
CCCAGCTCAGG), Ex6B (ACCTATGACTGTGGATGA
GAGCGTT), and Ex8A (CTTCCTGGATGGCTTCAATG
CTCAC).

. Eppendorf tubes (Eppendorf, Hamburg, Germany).
. Trizol (Invitrogen).

. Chloroform (Sigma-Aldrich).

. Isopropanol (Sigma-Aldrich).

. 75% Ethanol (Sigma-Aldrich).

. One-Step RT-PCR kit (Qiagen, Venlo, The Netherlands).
. Forward primer in exon 5: CTGACTCTTGGTTTGA

TTTGGA (Invitrogen).

. Reverse primer in exon 10: TGCTTCGGTCTCTGTCAATG

(Invitrogen).

. RNAsin (Promega, Madison, WI, USA).

. Gel extraction kit (Qiagen).
. BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied

Biosystems, Foster City, CA, USA).

. ExoSap-IT® (USB, Santa Clara, CA, USA).

. MicroAmp® Reaction Plates (Applied Biosystems).
. Qiagen gel extraction kit (Qiagen).

. Hidi-formamide (Applied Biosystems).

. ABI 3130 Genetic Analyzer (Applied Biosystems).

. Tragacanth gum (Sigma-Aldrich).

. Isopentane (Sigma-Aldrich).

. Liquid nitrogen.

. Cork disks (Iwai-kagaku, Tokyo, Japan).
. Dry ice.

. Poly-l-lysine—coated slides (Fisher, Hampton, NH, USA).

. Cover glasses (Fisher).

. Cryostat Microsystem cm1900 (Leica, Wetzlar, Germany).

. Dystrophin antibodies including DYS1 and DYS2 (Novocastra,

Newecastle, UK).

. Alexa 594 goat antimouse IgG,, Alexa 594 goat antimouse

IgG, highly cross-absorbed (Invitrogen).

. DAPI containing mounting agent (Invitrogen).

. Goat serum (Invitrogen).
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2.10. Western Blotting
from Dog Muscles
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. Moisture chamber (Scientific Devise Laboratory, Des Plaines,

IL, USA).

. Chamber slide (Lab-tek, Naperville, IL).
10.

4% Paraformaldehyde (PFA).

. Lysis buffer: 75 mM Tris-HCI (pH 6.8), 10% SDS, 10 mM

EDTA, and 5% 2-mercaptoethanol.

2. Bradford reagent (Bio-Rad, Hercules, CA, USA).

10.
11.
12.

2.11. Clinical Grading
of Dogs )

jo-—

. Bovine serum albumin (BSA) (Sigma-Aldrich).
. 2x Laemmli SDS-loading buffer: 0.1 M Tris-HCI (pH 6.6),

2% (w/v) SDS, 2% (0.28 M) beta-mercaproethanol, 20%
glycerol, 0.01% bromophenol blue.

. Ready-made 5% resolving SDS gels (Bio-Rad).
. PVDF membrane (GE, Fairfield, CT, USA).
. Transfer buffer (10x): 250 mM of Tris-Base, 1,920 mM of

Glycine.

. Transfer buffer (1x): 10% 10x buffer, 20% methanol.
. Dystrophin antibodies including DYS1 and DYS2 (Novocastra)

and desmin antibody (Abcam, Cambridge, MA, USA).
ECL plus kit (GE).

ECL and autography film (GE).

Image] software (NIH, Bethesda, MD, USA).

. Video camera.

. Stop watch.

3. Methods

3.1. Design 1.

of Antisense Oligos

3.2. Transfection of 1.

Antisense 2’0MePS
into Dog Myoblasts 2

Identify ESE sites in exons using Rescue ESE and
ESEfinder.

. Design antisense sequences to target ESEs of exon 6 (Ex6A)
‘and exon 8 (Ex8A), or exon/intron boundary between exon

6 and intron 6 (Ex6B), or between exon 8 and intron 8
(Ex8B) (see Note 2).

. Select antisense oligonucleotide chemistries. 2°OMePS is pre-

ferred for myoblast experiment (see Note 3). PMOs are used
for in vivo studies (see Note 1).

Use standard preplating method to obtain primary myoblast
cells from neonatal CXMD dogs (10).

. Culture WT or CXMD myoblasts (1.5x10° cells) in growth

medium containing F-10, FCS (20%), bFGF (2.5 ng/mL),
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3.3. Intramuscular
Injections of Antisense
Oligos in Dogs

3.4. Systemic
Injections of Antisense
Morpholinos

3.5. RNA Extraction
from Myotubes

penicillin (200 U/mL), and streptomycin (200 ug/mL) for
72 h, on six-well plates.

. Dilute lipofectin to a total of 100 mL in opti-MEM media at

a ratio of 2:1 for lipofectin: RNA (Use 10 mL lipofectin for
5 mg RNA).

. Allow to stand still at RT for 30—45 min, then dilute AOs to

a final volume of 100 pL in opti-MEM media.

. Combine diluted lipofectin and AOs and mix gently.
. Incubate at RT for 10-15 min.

. Remove serum-containing medium from cells and wash them

with opti-MEM reduced serum media.

. Add 0.8 mL opti-MEM media to the tube containing the

lipofectin DNA complexes.

. Mix gently and overlay the complex onto the cells.
10.

Return cells to the incubator and after 3 h replace opti-MEM
media with differentiation medium and wait 3-10 days until
they differentiate into myotubes.

. Induce general anesthesia by 20 mg/kg of thiopental sodium

injections and maintain by isoflurane inhalation (2.0-3.0%).

. Cut skin above tibialis anterior (TA) muscle with scalpel.
. Stitch the fascia of TA muscles at two different points at 2 cm

intervals as markers; i.e., inner side distal/outer side
proximal.

. Bend needles (10°) to inject PMOs horizontally using 27 G

needle, inject PMO solutions slowly into muscles and wait
1 min before removing the needle to prevent leakage.

. Inject butorphanol tartrate (0.2 mg/kg) before and after

procedure.

. Administer sepham antibiotics (Cefamezine or Syncl) for

three days after surgical procedures.

. Dissolve 120-200 mg/kg of morpholinos Ex6A, Ex6B, and

Ex8A at 32 mg/mL in saline.

. Inject them into saphenous vein of a dog using 22 G indwell-

ing needles for each injection using infusion pumps to inject
at 50 mL /20 min.

. Inject morpholinos for 5-11 times at weekly or biweekly

intervals.

. Remove medium.

2. Put 1 mL Trizol for each well of six-well plates.

. Wait 10 min.



